The prevalence of HIV-associated neurocognitive disorders (HAND) remains high despite combination antiretroviral therapy (cART). There is evidence that neural stem cells (NSCs) can migrate to sites of brain injury such as those caused by inflammation and oxidative stress, which are pathological features of HAND. Thus, reductions in NSCs may contribute to HAND pathogenesis. Since the HIV non-nucleoside reverse transcriptase inhibitor efavirenz (EFV) has previously been associated with cognitive deficits and promotion of oxidative stress pathways, we examined its effect on NSCs in vitro as well as in C57BL/6J mice. Here we report that EFV induced a decrease in NSC proliferation in vitro as indicated by MTT assay, as well as BrdU and nestin immuno cytochemistry. In addition, EFV decreased intracellular NSC adenosine triphosphate (ATP) stores and NSC mitochondrial membrane potential (MMP). Further, we found that EFV promoted increased lactate dehydrogenase (LDH) release, activation of p38 mitogen-activated protein kinase (MAPK), and increased Bax expression in cultured NSCs. Moreover, EFV reduced the quantity of proliferating NSCs in the subventricular zone (SVZ) of C57BL/6J mice as suggested by BrdU, and increased apoptosis as measured by active caspase-3 immunohistochemistry. If these in vitro and in vivo models translate to the clinical syndrome, then a pharmacological or cell-based therapy aimed at opposing EFV-mediated reductions in NSC proliferation may be beneficial to prevent or treat HAND in patients receiving EFV.
INTRODUCTION
Soon after infection, human immunodeficiency virus-1 (HIV-1) enters the central nervous system (CNS) 1 . Survival times with chronic HIV-1 infection continue to grow, and as a result there is an increasingly large number of patients harboring the virus within the brain. This may be one contributing factor to the substantial prevalence of HIV-associated neurocognitive disorders (HAND), which affects up to 45% of HIV-infected patients 2 .
Past reports have indicated a link between HIV-1 and reduced proliferation of neural stem cells (NSCs) as well as reduced neurogenesis 3 . Although HIV does not infect mature neurons, the virus has been shown to infect NSCs 4 . It has further been shown that the early HIV-1 infection of NSCs may lead to neurocognitive dysfunction 5, 6 . Importantly, NSCs have an ability for precise migration to widespread areas of pathology in the brain 7-12 . Thus, their reduction may be a contributing factor to HAND, which is marked by chronic inflammatory and oxidative injury in the brain [13] [14] [15] .
The HIV non-nucleoside reverse transcriptase inhibitor efavirenz (EFV) has been a common component of combination antiretroviral therapy (cART) for HIV infection 16, 17 and has also been associated with cognitive side effects in both human clinical studies and murine models 16, 18, 19 . Studies on human glioma and neuroblastoma cell lines as well as rat primary cultures of neurons and astrocytes indicate the involvement of EFV in oxidative stress in the CNS 20 . EFV inhibits HIV-1 replication via several mechanisms 21 , but largely by promoting conformational changes within the HIV-1 reverse transcriptase at the polymerase active site 22 . We performed these experiments to determine whether EFV could affect NSC proliferation in vitro and in vivo. We sought to understand one possible reason why cognitive disorders may occur in patients with well-controlled HIV infection who are on EFV therapy 16, 18 .
MATERIALS AND METHODS
All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of South Florida. C57BL/6J female mice (8 months old) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and were housed in environmentally controlled conditions (12:12-h light/dark cycle at 21 ± 1°C) and provided food and water ad libitum.
Reagents
EFV was provided by the NIH AIDS Reagent Program (Germantown, MD, USA) or purchased from Sigma-Aldrich (St. Louis, MO, USA). A series of concentrations of EFV was used to determine its effect on NSC proliferation, adenosine triphostate (ATP) levels, mitochondrial membrane potential (MMP), and lactate dehydrogenase (LDH) in vitro (0.5, 1, 2, 5, and 10 µM). The dose of EFV administered in vivo (20 mg/kg) was based on the body weight of the mice, the dosing period of 30 days, as well as our 23 and other 24 previous publications.
Rat NSC Culture
Rat NSCs (cat. #SCR021; EMD Millipore, Billerica, MA, USA) were cultured in DMEM/F12 media supplemented with serum-free Neuro-27 medium (EMD Millipore), 20 ng/ml human fibroblast growth factor 2 (FGF-2; EMD Millipore), 20 ng/ml human epidermal growth factor (hEGF; PeproTech, Rocky Hill, NJ, USA), and 20 ng/ ml L-glutamine 2 mM (Life Technologies, Carlsbad, CA, USA), as well as penicillin and streptomycin 100 U/ml (Life Technologies) at 37°C in 5% carbon dioxide. Culture media were exchanged every 2 days. Ten-centimeter dishes and 96-well plates were precoated with 10 µg/ml of poly-L-ornithine (EMD Millipore), followed by laminin (EMD Millipore) at a concentration of 10 µg/ml in phosphatebuffered saline (PBS) solution. NSC treatments were performed during passages 2-6. Treatments were performed in the same medium used for cell culture.
MTT Assay
Cell viability was measured by Cell Proliferation Kit (MTT assay) (Roche, Indianapolis, IN, USA). Briefly, NSCs were plated on precoated 96-well plates at a density of 10 4 cells per well and incubated at 37°C in 5% carbon dioxide for 24 h. After treatment with a series of concentrations of EFV, vehicle control [ctrl; <0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich) in PBS], or H 2 O 2 (100 µM; positive control) for 24 h, 10 µl of MTT solution (5 mg/ml) was added into each well and incubated at 37°C for 4 h. Next, 100 µl of solubilization solution (10% SDS in 0.01 M HCl) was added to each well and incubated at 37°C overnight. Optical density (OD) was detected at a wavelength of 550 nm via a microplate reader (Synergy H1; BioTek, Winooski, VT, USA). The percentages of treatment OD divided by the vehicle control OD represented the NSC proliferation value.
Proliferation of NSCs Detected by Immunocytochemistry
NSCs were grown in four-well chambered coverglass (Thermo Fisher Scientific NUNC, Rochester, NY, USA) at a density of 3 × 10 4 for 24 h. After exposure to 5 µM of EFV or vehicle control for 24 h, 10 µM of bromodeoxyuridine (BrdU; Sigma-Aldrich) was added at 37°C for 2 h. Next, 4% paraformaldehyde (PFA) in PBS was added to each well at room temperature (RT) for 20 min for fixation. NSCs were blocked with 3% donkey serum, incubated with mouse anti-nestin antibody (1:500; Covance, Dedham, MA, USA) at 4°C overnight, and then incubated with secondary Alexa Fluor 594 donkey anti-mouse IgG (1:200; Vector Laboratories Inc., Burlingame, CA, USA) at RT for 1 h. NSCs were treated with 2N HCl for 10 min at RT to denature DNA and were neutralized by citric acid buffer (pH 7.4; Thermo Fisher Scientific, Fair Lawn, NJ, USA) for 10 min. Cells were blocked with 3% donkey serum incubated with rat anti-BrdU antibody (1:250; Accurate Chemical & Scientific Corp., Westbury, NY, USA) at 4°C overnight, and then incubated with secondary antibody Alexa Fluor 488 donkey anti-rat IgG (1:200; Vector Laboratories Inc.) at RT for 1 h. Images were taken using an inverted IX53 microscope and a DP22 color camera (Olympus, Center Valley, PA, USA). The proliferation of NSCs was measured by the percentage of double fluorescence staining of BrdU (green) and nestin (red) over total nestin-positive cells.
Adenosine Triphosphate (ATP) Bioluminescence Assay
Quantitative intracellular ATP levels in vitro were measured using an ATP Determination Kit (Invitrogen, Carlsbad, CA, USA) 25 in strict accordance with the manufacturer's instructions. Briefly, NSCs were plated in 12-well plates at a density of 3 × 10 5 per well and incubated at 37°C for 24 h. After treatment with a series of concentrations of EFV (0.5, 1, 2, 5, and 10 µM), vehicle control, and positive control (H 2 O 2 ; 100 µM) for 24 h, cells were lysed by Tris lysis buffer (Bio-Rad, Hercules, CA, USA) on ice for 30 min and subjected to sonification for 30 s at 40% power. Next, 90 µl of the premixed solution, including D-luciferin, firefly luciferase, dithiothreitol, adenosine 5¢-triphosphate, and assay buffer was transferred into 96-well plates (Greiner Bio-One, Monroe, NC, USA). Afterward, 10 µl of cell lysate solution or ATP standard solutions were added into the wells with triplication. Relative luminescence units (RLU) were detected with a microplate reader (Synergy H1; BioTek). Percentages of EFV treatment over vehicle control represented intracellular ATP levels.
LDH Assay
Cell death in vitro was measured by an LDH assay kit (Thermo Fisher Scientific, Rockford, IL, USA). NSCs were plated in 96-well plates at a density of 10 4 per well for 24 h and then treated with EFV (0.5, 1, 2, 5, and 10 µM), vehicle control, and cell lysis buffer (positive control, 30 min) for 24 h at 37°C in 5% carbon dioxide. Fifty microliters of cell culture media from each treatment was transferred to a flat-bottom 96-well plate, and 50 µl of reaction mixture (supplied in kit) was added into each well and incubated at RT for 30 min. After adding stop solution, the OD at 490 nm subtracted from the OD at 680 nm represented the LDH value.
JC-1 Assay
MMP was evaluated by a JC-1 MMP detection kit (Biotium, Hayward, CA, USA). Detection was performed in strict accordance with the manufacturer's instructions. In brief, NSCs were plated in 96-well plates at a density of 10 4 cells/well at 37°C in 5% carbon dioxide for 24 h. EFV was applied at concentrations of 0.5, 1, 2, 5, and 10 µM. Vehicle control and H 2 O 2 (100 µM; positive control) were also examined. After 6 h of treatment, JC-1 was added into culture media for 15 min at 37°C. JC-1 accumulated on mitochondrial membranes (nonapoptotic cells, red) or remained in the cytoplasm (apoptotic cells, green) 26 . Media were exchanged for PBS. Next, red fluorescence (RFU; excitation, 550 nm; emission, 600 nm) and green fluorescence (excitation, 485 nm; emission, 535 nm) were measured by fluorescence microplate reader (Synergy H1; BioTek). The value of red fluorescence divided by green fluorescence represented MMP.
Western Blots
Following 5 µM of EFV or vehicle control treatment, NSCs were harvested and lysed by radioimmunoprecipitation assay (RIPA) buffer in 1 mM phenylmethane sulfonyl fluoride (PMSF), protease inhibitor cocktail, and phosphatase inhibitor cocktail (Sigma-Aldrich). Protein concentrations were detected with a bicinchoninic acid (BCA) protein assay kit. Thirty to 50 µg of total protein was applied to sodium dodecyl sulfate (SDS)-PAGE (10% polyacrylamide gel) and transferred to polyvinylidene difluoride (PVDF) membranes (EMD Millipore). Blots were incubated for 1 h in 0.05% Tween 20 (Sigma-Aldrich) in Tris-buffered saline (TBS; Bio-Rad) containing 5% nonfat dry milk (Bio-Rad). After three washes with PBS in 0.05% Tween 20, membranes were incubated for 16 h with one of the following primary antibodies: phospho-p38 mitogen-activated protein kinase (MAPK) antibody (Thr180/Tyr182; Cell Signaling Technology, Danvers, MA, USA), total p38 MAPK antibody (Cell Signaling Technology), or Bax polyclonal antibody (EMD Millipore) at 4°C for 1 h with horseradish peroxidase (HRP)conjugated secondary antibodies (diluted 2,000-fold) at RT. Target proteins were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific). Blots were stripped and reprobed with antib-tubulin III (1:8,000; Covance). The resulting protein bands were scanned using an HP Laser Jet 9050 mfp System (HP Inc., Palo Alto, CA, USA), and densitometric analysis of each protein band was performed using ImageJ v1.45 (NIH, Bethesda, MD, USA). To normalize for protein loading, the densitometric analysis of each band was divided by the b-tubulin III band from the same membrane for Bax and total p38 MAPK for phospho-p38 MAPK.
Administration of EFV and Tissue Processing
Eight-month-old C57BL/6J mice were randomly divided into two groups matched by body weight and gender. One group received EFV via intraperitoneal (IP) injection at a dose of 20 mg/kg daily (eight mice) in vehicle control [5% DMSO, 17% Tween 80 (Sigma-Aldrich) in 5% glucose solution] 27 , while the other group received vehicle control only via IP injection (seven mice). The dose used in the present study (20 mg/kg) is in the range of those used in other studies (10-30 mg/kg) investigating various effects of EFV in rodents 24,28-31 . The injection period was 4 weeks. On the final week, mice received 50 mg/kg of BrdU (Sigma-Aldrich) in PBS via IP injection daily for 5 consecutive days. Twenty-four hours later, all mice were deeply anesthetized with 1%-2% isoflurane (Henry Schein Animal Health, Dublin, OH, USA) and transcardially perfused with 20 ml of cold PBS followed by 20 ml of 4% PFA in PBS. Mouse brain tissues were removed, postfixed with 4% PFA (pH 7.4) at 4°C for 24 h, and then neutralized with 30% sucrose in PBS (pH 7.2). Mouse brains were sectioned using a microtome (Leica, Buffalo Grove, IL, USA) at 40-µm thickness. Sagittal sections from the right hemisphere were used for immunohistochemistry (IHC) staining.
Immunohistochemistry Analysis
Sections were blocked with 5% goat serum (Thermo Fisher Scientific, Waltham, MA, USA), 2% bovine serum albumin (BSA; Thermo Fisher Scientific) in PBS, and 0.1% Triton X-100 followed by hybridization at 4°C overnight with goat anti-doublecortin antibody (Dcx; 1:200; Santa Cruz Biotechnology, Dallas, TX, USA). Sections were then washed and incubated with biotinylated antigoat IgG antibody (1:200; Vector Laboratories). For BrdU analysis, we followed our previous protocol 32 . Briefly, sagittal sections were treated with 50% formamide (Sigma-Aldrich)/2× SSC (0.3 M NaCl, 0.03 M sodium citrate) at 65°C for 2 h, rinsed in 2× SSC, incubated in 2N HCl for 30 min at 37°C, rinsed with borate buffer (pH 8.5; Sigma-Aldrich) for 10 min, and then washed with PBS twice. Sections were incubated with rat anti-BrdU antibody (1:250; Accurate Chemical & Scientific) at 4°C overnight, and with biotinylated goat anti-rat IgG (1:200), and developed in 3,3¢-diaminobenzidine (DAB) solution. After mounting the sections onto slides, quantification of positive Dcx and BrdU immunostaining in the subventricular zone (SVZ) was conducted by scanning the slides using an Axio Scan Z.1 scanner (Carl Zeiss Inc., Thornwood, NY, USA) to produce 20´ digital images. Using the NearCYTE STI computer program (nearcyte.org), a researcher blind to the treatment conditions outlined the region of interest (ROI) that was then compared to a user-defined pixel color threshold. This file was applied to all of the sections to be analyzed in order to designate positive staining within the determined area. The files were batch processed to generate a ratio of positive stain to the total area for each contour drawn on a slide image. Regarding active caspase-3 analysis, tissue sections were immunostained by free floating method. The primary antibody used was rabbit anti-active caspase-3 antibody (1:250; Sigma-Aldrich). Vectastain ABC (Vector Laboratories) and nickel DAB reagents (Sigma-Aldrich) were used to identify active caspase-3-positive cells. Sections were mounted and imaged manually using an Olympus BX51 microscope with a U-CMAD3 camera (Olympus). The images were taken by Dp 70 software (Olympus) and analyzed by ImageJ 1.47v. The entire area of the SVZ (50 fields, 0.15 mm 2 each) from three sagittal brain sections per mouse was analyzed. Each was separated by a 240-µm interval. The number of active caspase-3positive cells per mm 2 was quantified.
Statistical Analysis
All statistical analyses were performed with SPSS software (version 18.0; IBM, Armonk, NY, USA). Data are expressed as mean ± SEM, and results were deemed significant when p < 0.05. Variables between groups were determined by independent t-test or one-way analysis of variance (ANOVA). When significance was achieved, analysis of groups was performed using Tukey's post hoc test.
RESULTS

EFV Reduces Proliferation of NSCs
As shown in Figure 1A , EFV decreased cell proliferation in a concentration-dependent manner. At the 5 µM EFV concentration, there were approximately 74% of live cells compared to vehicle control (p < 0.05). When EFV concentration was 10 µM, live cells were detected at approximately 36% compared to vehicle control treatment (p < 0.001). NSC proliferation had a progressive decline as EFV concentration increased. The threshold for this decline was the 5 µM concentration of EFV. As shown in Figure 1B , BrdU incorporation reflected cell proliferation, and nestin was used as an NSC marker 33 . The number of double-fluorescent-labeled cells was significantly decreased by EFV treatment compared with vehicle control. Vehicle control treatments are shown in Figure 1B : (a) BrdU, (b) nestin, and (c) merged. EFV treatment (5 µM) is shown in (d) BrdU, (e) nestin, and (f) merged; (g) quantified data expressed as percentage of doublelabeled cells show significant decreases in proliferation in EFV-treated NSCs (p < 0.001) ( Fig. 1B) .
EFV Reduces NSC ATP Stores and MMP
NSC viability can also be measured by ATP assay. In order to maintain biophysiologic function, intracellular ATP levels must remain consistent to maintain homeostasis. To determine if EFV could decrease ATP levels in NSCs, as shown in Figure 2A , they were treated with a series of concentrations of EFV as well as positive (H 2 O 2 , 100 µM) and vehicle controls for 24 h. Cell lysates were used to measure ATP levels, and 5 µM of EFV decreased ATP levels to approximately 78% of vehicle control levels (p < 0.05). EFV (10 µM) reduced cellular ATP stores by approximately 57% compared to that of vehicle control (p < 0.01) ( Fig. 2A ). Loss of MMP is an event associated with oxidative stress and the initiation and activation of apoptosis 26, 34, 35 . As shown in Figure 2B , NSCs were treated with a series of concentrations of EFV, vehicle control, and positive control (H 2 O 2 ; 100 µM) for 6 h followed by the addition of JC-1. In healthy cells, the JC-1 reagent aggregates on intact mitochondrial membranes and shows red fluorescence, whereas in apoptotic cells it exists in monomeric form in the cytoplasm showing green fluorescence. The value of red fluorescence (excitation, 550 nm; emission, 600 nm) divided by green fluorescence (excitation, 485 nm; emission, 535 nm) represents MMP. Similar to MTT and ATP assays, the threshold concentration was 5 µM of EFV to observe significant effects (Fig. 2B) .
EFV Increases NSC Cytotoxicity and Cell Death
Because loss of mitochondrial function as examined by JC-1 can lead to apoptosis, we also examined EFVpromoted cell death by LDH assay. We again treated NSCs with a series of concentrations of EFV, vehicle control, and positive control (cell lysis buffer, 30 min) for 24 h (Fig. 3) . The cell-cultured media were subjected to LDH assay. The higher the cell death, the more LDH was released into the media via cell membrane damage. EFV promoted toxic responses from NSCs in a concentration-dependent manner. EFV (5 µM) increased LDH release by nearly twofold compared with vehicle control (p < 0.001), while 10 µM of EFV increased LDH release by approximately threefold (p < 0.001).
Effect of EFV on p38 MAPK Phosphorylation and Bax Expression
It has been reported that the phosphorylation of p38 MAPK and Bax activation are central antiproliferation inducers of several cell types including stem cells [36] [37] [38] . This was evidenced by a phosphorylation of p38 in EFVstimulated NSCs. We treated these cells with EFV (5 µM; based on the threshold concentration for significant effects on NSC mitochondrial function, proliferation, and cytotoxicity) for 1 h and found that EFV significantly enhanced phospho-p38 (Ph-p38) expression by Western blot (p < 0.01) (Fig. 4A ). To investigate whether p38 MAPK could be correlated with upregulated Bax expression, NSCs were further treated with the same concentration of EFV for 24 h, which significantly increased Bax expression (p < 0.05) (Fig. 4B) .
EFV Administration Impairs NSC Proliferation and Induces Apoptosis in the SVZ In Vivo
To explore NSC proliferation after EFV administration in vivo, C57BL/6J mice at 8 months of age were injected (IP) with 20 mg/kg of EFV or vehicle control for 4 weeks. During the final 5 days, mice additionally received a dose of 50 mg/kg of BrdU daily. Quantitative analysis showed that BrdU expression was significantly decreased in the EFV treatment group in the SVZ compared to the control group (p < 0.05) (Fig. 5A) , indicating an impairment of proliferation. Figure 5B exhibits images of Dcx staining of the SVZ in the vehicle control group and the EFV group. There was a strong trend for the EFV-treated group to have a lower Dcx expression level compared to the control group (p = 0.08). To uncover a possible underlying effect of EFV that may reduce the number of replicating NSCs in vivo, we measured apoptotic marker active caspase-3. Results indicated that EFV administration increased the number of active caspase-3-expressing cells in the SVZ compared to vehicle control-treated mice (p < 0.05) (Fig. 5C ).
DISCUSSION
This study examines the effect of EFV on NSC proliferation in vitro and in vivo. Through in vitro experimentation with NSCs, we found that EFV resulted in a concentrationdependent decrease in NSC proliferation beginning at a concentration of 5 µM by MTT assay (Fig. 1A) . This was further confirmed by immunocytochemistry where EFV significantly reduced the incorporation of BrdU into NSCs as identified by nestin (Fig. 1B) .
Our findings also indicated a concentration-dependent decrease in intracellular ATP as a result of EFV treatment of NSCs ( Fig. 2A) . Even though studies have shown that NSCs function at a lower metabolic rate when compared to other cells, a decreased level of intracellular NSC ATP can inhibit the overall process of NSC proliferation 39 . Recent studies have shown how various molecules that inhibit the actions of ATP, such as tricyclodecan-9-yl-xanthogenate (D609), decrease the rate of proliferation among NSCs, therefore opposing the process of proliferation 40 . Moreover Figure 3 . EFV increases NSC cytotoxicity and cell death. EFV induces increased cell death of NSCs in a dose-dependent manner. Cells were treated with a series of dilutions of EFV, vehicle control (ctrl), or assay-positive control (10% cell lysis buffer) for 24 h, and cell culture media were subjected to an LDH assay. The value of optical density (OD) at 490 nm subtracted from the value of OD at 680 nm represents LDH levels. Data are presented as mean ± SEM (***p < 0.001).
in vitro results indicated that EFV lowered NSC MMP (Fig. 2B) , an event associated with not only oxidative stress but also the initiation and activation of apoptosis 26, 34, 35 .
LDH is a cytoplasmic enzyme that is released through damaged portions of the cellular membrane into the extracellular space 41 . The LDH assay has been shown to accurately measure cell death in vitro [42] [43] [44] [45] . Increased levels of LDH among the NSCs treated with EFV ( Fig. 3) , as studied, are indicative of the apoptotic and/or necrotic effect of this drug on NSCs.
It has been reported that the p38 MAPK pathway and Bax are central to the negative regulation of proliferation of several cell types including stem cells 36, 37 . This was shown in our study (Fig. 4) by an enhanced phosphorylation of p38 MAPK as well as upregulated Bax expression in EFVstimulated NSCs. These data are in accordance with the observed reduced proliferation (Fig. 1) , mitochondrial function (Fig. 2) , and increased cell death (Fig. 3) imparted by EFV. Further, it is in agreement with other reports indicating that the increased reactive oxygen species (ROS), a result of reduced MMP 46 , promotes p38 MAPK phosphorylation 47 , which in turn promotes Bax activation 38 .
In addition to the in vitro treatment of NSCs, administration of EFV in vivo resulted in a decrease in NSC proliferation in C57BL/6J mice (Fig. 5 ). This was suggested by significantly decreased BrdU-positive cells in the SVZ (Fig. 5A) . To examine whether the decreased BrdU staining that we observed in the SVZ of these mice reflected NSC commitment to the neuronal lineage, we also stained some sections with antibodies against Dcx, a neuronal lineage marker expressed in early stages of neuronal maturation 48,49 . Here we found a strong trend toward decreased Dcx expression nearing significance (p = 0.08) (Fig. 5B ).
Since our in vitro studies showed increased cell death, cytotoxicity, and Bax expression imparted by EFV, we also stained for active caspase-3, which has previously been linked with loss of MMP 50 . We found a significant increase in active caspase-3 in the same region (Fig. 5C ). Thus, our combined data suggest an inhibition of NSC proliferation in vitro and in vivo through induction of apoptosis, in effect leaving fewer cells present in the SVZ to divide as a result of EFV administration.
Regarding the role of EFV in neurodegeneration and survival of adult neurons, oral treatment of rats with EFV for 30 days promoted degenerative changes (decreased cellular population, pyknotic nuclei, and presence of microcysts and edema) in the lateral geniculate body, suggesting a mechanistic action as a neurotoxin that disrupts cellular integrity 51 . Additionally, we demonstrated the ability of EFV to cause signs of neurodegeneration in mice in which pathologies characteristic of Alzheimer's disease (AD), such as increased brain b-secretase (BACE-1) expression and enhanced soluble amyloid-b (Ab) generation, were observed 23 . Further, we found that EFV-treated SweAPP N2a neurons showed neurodegenerative signs in the form of mitochondrial dysfunction and upregulated BACE-1 expression, which promoted Ab accumulation in this model of murine N2a cells transfected with human "Swedish" mutant amyloid precursor protein (APP) 23 .
There is accumulating data pointing to an interference by EFV with CNS energy homeostasis and subsequent neurodegeneration. One investigation exploring this showed a significant inhibition of creatine kinase (CK) activity in the hippocampus, cerebellum, striatum, and cortex of mice treated with EFV 30 . CK is a catalyst for the transfer of the phosphoryl group from phosphocreatine to adenosine diphosphate (ADP) to regenerate ATP in the brain and other tissues that consume energy at a high rate. This reduced brain CK activity may partially be responsible for the cognitive impairments seen in EFV-treated mice, as suggested by the fact that knockout mice for CK in the brain demonstrated cognitive impairment 52 . Importantly, results acquired from both animal 53 and human 54 studies have also correlated reduced CK activity with neurodegeneration. Additionally, it has been shown that treatment with EFV (10 or 25 µM) significantly decreased the viability of rat primary cortical neurons 20 . The neurodegenerative potential of the EFV metabolite 8-hydroxyefavirenz has also been shown in primary rat hippocampal neuronal cultures. In this model, 8-hydroxyefavirenz increased entry of extracellular Ca 2+ , which was mediated largely by L-type voltage-gated calcium channels 55 .
The SVZ is an important neurogenic niche, and neurons generated in the SVZ migrate along the rostral migratory stream to reach the olfactory bulb. Importantly, brain injuries stimulate SVZ direct migration of new NSCs to the sites of injury 56 , which may compensate for some of the neurodegenerative changes promoted by EFV as noted above. NSCs can home similarly to pathologic sites in the brain arising from an array of etiologies 8 . It is thus possible that reduction of NSC proliferation in the SVZ due to EFV could contribute to a decline in regenerative actions of these cells, which under non-EFV conditions would oppose the chronic injury induced in the brain by HIV itself, HIV-activated glial cells, and/or the HIVsecreted proteins such as gp120 and Tat 57 .
It is important to note that EFV has been linked to cognitive dysfunction in previous studies 16, 18, 19 . For example, Ciccarelli and colleagues found that EFV is associated with cognitive disorders even in asymptomatic HIV-infected patients 18 . Most recently it was also found clinically that long-term EFV treatment was associated with detriments to speed of information processing, verbal fluency, and working memory 16 . We speculate that EFV-mediated reductions of NSC proliferation may underlie some of these reported effects, although no studies to date have examined the exact relationship between reduced NSC proliferation and cognitive dysfunction specifically in EFV-treated HIV patients.
The current research has several strengths and weaknesses. Regarding the former, we observed consistent findings in both in vitro and in vivo model systems in that EFV causes decreased NSC proliferation. Additionally, we found the level of cellular oxidative stress (reduced ATP stores and MMP) imparted by EFV correlated consistently with reduced NSC proliferation and increased cytotoxicity, as well as p38 MAPK and Bax promotion at the 5 µM concentration. Second, our data coincide with other reports indicating that the process of NSC proliferation is highly sensitive to the redox balance in that cell proliferation is favored in more reduced environments, and cell differentiation is more favored in oxidized environments. As a result, as the levels of oxidative stress increase, the rate of proliferation decreases 58 .
This report has limitations as well. First, it describes a potential mechanism for a subset of HAND cases since not all HIV-infected individuals are on EFV therapy. It should also be noted that, in the present study, we did not investigate the plasma or cerebrospinal fluid (CSF) concentrations of EFV or its metabolites in vivo. However, EFV has good CNS penetration 59 , which could support the neurologic symptoms noted by others 16, 18, 19 .
In sum, our present work suggests that EFV promotes a decrease in NSC proliferation, which is correlated with activation of oxidative stress pathways as well as Bax and active caspase-3 upregulation. It is in accordance with other reports indicating that oxidative stress promotes p38 MAPK phosphorylation 47 , which in turn promotes Bax upregulation 38 . Together these data suggest that EFV is involved in negative regulation of NSC proliferation by reducing the number of existing NSCs that are available to divide and generate newborn cells. Given that oxidative stress correlated with the defects in NSCs, this study also lays the ground work for future experiments to identify possible antioxidant adjunctive treatments to be given with EFV that would promote protection of NSCs.
